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Abstract
Osteoblast differentiation plays a critical role in bone formation and maintaining balance in bone remodeling. Runt-related
transcription factor 2 (Runx2) is a central transcription factor regulating osteoblast differentiation and promoting bone
mineralization. Until now, the molecular regulatory basis and especially the gene regulatory network of osteogenic
differentiation have been unclear. Krüppel-like factor 2 (KLF2) is a zinc finger structure and DNA-binding transcription
factor. The current study aimed to investigate the physiological function of KLF2 in osteoblast differentiation. Our results
indicate that KLF2 is expressed in pre-osteoblast MC3T3-E1 cells and primary osteoblasts. Interestingly, KLF2 expression is
increased in osteoblasts during the osteoblastic differentiation process. Overexpression of KLF2 in MC3T3-E1 cells
promoted the expression of the osteoblastic differentiation marker genes Alp, Osx, and Ocn, and stimulated mineralization
by increasing Runx2 expression at both the mRNA and protein levels. In contrast, knockdown of KLF2 produced the
opposite effects. Importantly, we found that KLF2 could physically interact with Runx2. KLF2 promoted osteoblast
differentiation by regulating Runx2 and physically interacting with Runx2. Taken together, the findings of this study identify
KLF2 as a novel regulator of osteoblast differentiation. Our findings suggest that KLF2 might be a new therapeutic target for
bone disease.

Introduction

Bone is a dynamic tissue that can replace old or impaired
tissue through the process of bone remodelling [1]. Bone
turnover is mainly regulated by osteoblasts and osteoclasts.
Osteoblasts are responsible for bone formation, while
osteoclasts are responsible for bone resorption [2]. Bone
remodeling imbalance has been found in several bone
metabolic diseases, such as osteoporosis [3]. Osteoblast
differentiation and bone formation play a pivotal role in
maintaining the bone remodeling balance and bone mass [4].
The regulation of osteoblast differentiation is complex.
Various extracellular and intracellular molecules such as
transcriptional factors and posttranslational modifiers have
been shown to be involved. Members of the Runt-related
transcription factor (Runx) family regulate the expression of
genes involved in cellular differentiation and cell cycle
progression [5]. Runx2 is an important member of the Runx
family and a central transcription factor that induces the
commitment of mesenchymal stem cells to osteogenic line-
age. Runx2 also participates in bone mineralization by sti-
mulating osteoblast differentiation [6]. The underlying
mechanism whereby Runx2 regulates osteoblast differ-
entiation is complicated. A variety of post-translational
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modifications including methylation, acetylation, and phos-
phorylation have been reported to regulate the activation of
Runx2. Runx2 concomitantly interacts with other factors to
initiate the expression of osteoblast differentiation marker
genes, such as alkaline phosphatase (Alp), osterix (Osx), and
osteocalcin (Ocn) [7]. However, the underlying molecular
networks involved in this process have yet to be elucidated.

Krüppel-like factor 2 (KLF2) is one of the most impor-
tant members of Krüppel-like factor (KLF) family. KLF2 is
a zinc finger structure and DNA-binding transcription factor
[8]. Previous studies have shown that KLF2 possesses
multiple biological functions. It has been reported that
KLF2 regulates cellular growth and differentiation [9].
KLF2 has been reported to regulate endothelial functions by
preventing laminar shear stress and inhibiting pro-
inflammatory cytokine productions. In addition, KLF2 can
suppress the expression of vascular cell adhesion molecule-
1 (VCAM-1) in endothelial cells by interacting with NF-κB
[10]. KLF2 has also been identified as a key regulator of the
blood brain barrier (BBB) and a novel neuroprotective
factor in ischemic stroke [11]. Interestingly, KLF2 is
expressed in primary chondrocytes and can prevent the
degradation of type II collagen, a primary component of the
extracellular matrix in articular cartilage, by inhibiting the
expression of matrix metalloproteinase-13 (MMP-13) [12].
However, the physiological function of KLF2 on osteoblast
differentiation and bone formation has not been reported
before. The current study was designed to explore the
mechanisms through which KLF2 might impact osteoblast
differentiation by targeting Runx2.

Materials and methods

Cell culture, treatment, and transfection

Murine pre-osteoblastic MC3T3-E1 cells and human
umbilical vein endothelial cells (HUVECs) were purchased
from the American Tissue Culture Collection (ATCC,
USA). Cells were cultured in a humidified atmosphere
containing 5% CO2 at 37 °C. MC3T3-E1 cells were main-
tained in α-minimal essential medium (α-MEM) (Life
Technologies, USA) supplemented with 10% fetal bovine
serum (FBS) (Life Technologies, USA). HUVECs were
maintained in endothelial cell growth medium BulletKit
package (Lonza, USA) containing basal medium, growth
factors, cytokines, and supplements. Primary murine cal-
varial osteoblasts were isolated from the calvaria of neonatal
C57BL/6 mice by sequential collagenase digestion follow-
ing the previous protocols [13]. All animal experiments
were performed under a protocol approved by the Institu-
tional Animal Care and Use Committee at the First Affili-
ated Hospital of Soochow University and were in

accordance with the First Affiliated Hospital of Soochow
University guidelines for the care and use of laboratory
animals. To knock down the expression of KLF2, MC3T3-
E1 cells were transfected with KLF2 siRNA using Lipo-
fectamine 2000 (Life Technologies, USA) according to the
manufacturer’s protocols. To overexpress KLF2, MC3T3-
E1 cells were transduced with lentivirus encoding for
KLF2. Osteogenic medium (OM) (10% FBS, 50 μg/mL
ascorbic acid, 5 mM β-glycopyrophosphate, and 100 μg/mL
BMP2) was used to induce osteoblast differentiation. Cul-
ture medium was replaced every 3 days.

HEK-293 T cells were maintained in DMEM supple-
mented with 10% FBS (Life Technologies, USA) and 1%
antibiotics. For immunoprecipitation experiments, HEK-
293 T cells were transfected with Flag-tagged KLF2 or
Myc-tagged Runx2 using Lipofectamine 2000 (Life Tech-
nologies, USA) according to the manufacturer’s protocols.

Isolation of bone marrow mesenchymal stem cells

Sixteen rats were used in this study from which bone
marrow, gingival, and submandibular salivary gland sam-
ples were collected. Bone marrow cells were isolated from
tibia and fibula with PBS containing 2 mM EDTA. Samples
were centrifuged for 35 min at 400 × g rpm. The mono-
nuclear cell (MNC) layer at the interphase was collected and
centrifuged for 10 min at 200 × g rpm at 10 °C. After two
gentle washes with PBS, the cell pellet was re-suspended in
a final volume of 300 μl of buffer. Isolated MSCs were
maintained in minimal essential medium (MEM) supple-
mented with 15% FBS at 37 °C and 5% CO2.

Reverse-transcription polymerase chain reaction
(PCR)

After the necessary treatment and transfection, total intra-
cellular RNA was isolated from each sample using Trizol
reagent (Life Technologies, USA) following the manu-
facturer’s instructions. One icrogram purified RNA was
used for cDNA synthesis using OligodT primer and the
iScript cDNA synthesis kit (Bio-Rad, USA). Two micro-
liters of synthesized cDNA was used for standard PCR with
dNTPs mix and DNA polymerase. Five microliters of the
PCR products was loaded onto 1.5% agarose gel electro-
phoresis with ethidium bromide (EB).

Quantitative real-time polymerase chain reaction
(PCR)

After the necessary treatment and transfection, total intra-
cellular RNA was isolated from each sample using Trizol
reagent (Life Technologies, USA) following the manu-
facturer’s instructions. One microgram purified RNA was
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used for cDNA synthesis using OligodT primer and the
iScript cDNA synthesis kit (Bio-Rad, USA). Synthesized
cDNA was used for real-time PCR analysis with SYBR
Green master mix (Bio-Rad, USA) on an ABI 7500
real-time PCR system (Applied Biosystems, USA) accord-
ing to the manufacturer’s instructions. The mRNA value for
the target gene was normalized relative to the GAPDH
mRNA level in the RNA sample by the 2−ΔΔCT method.

Luciferase assay

Briefly, Alp, Osx, and Ocn gene promoter-luciferase
reporters, flag-tagged KLF2, Myc-tagged mouse Runx2,
and pcDNA3.1 (as an empty vector) plasmids were trans-
fected into MC3T3-E1 cells using Lipofectamine 2000
reagents (Life Technologies, USA) and incubated for 24 h.
β-galactosidase plasmid was used as an internal control.
Cells were lysed and luciferase activity was measured using
a luciferase reporter assay system (Promega, USA) on a
multi-plate reader (Bio-Tek Instruments, USA).

Alizarin red staining

An alizarin red staining assay was performed to evaluate
mineralization. Briefly, MC3T3-E1 cells were fixed with 70%
ice-cold ethanol for 1 h. After washing three times with PBS,
cells were incubated with 20 mM of alizarin red solution for
15 min at room temperature (RT). After washing with PBS
three times, stained cells were photographed. Then, 10%
cetylpyridinium chloride was added to extract the stained
cells. Absorbance was recorded at 562 nm using a spectro-
photometer (NanoDrop Technologies, USA) and analyzed
using Image J software (National Institutes of Health).

Immunoprecipitation

Briefly, HEK-293 T cells or MC3T3-E1 cells were collected
using cell lysis buffer (Cell Signaling Technologies, USA)
containing protease inhibitor cocktail (Sigma-Aldrich,
USA). Protein lysates were subjected to centrifugation at
12,000 × g for 15 min at 4 °C. Supernatants were collected
and pre-cleared with protein G–agarose beads (Life Tech-
nologies, USA), followed by incubation with anti-Flag
(Abcam, USA) and anti-Myc antibodies (Thermo Fisher
Scientific) overnight at 4 °C. After incubation with protein
G–agarose beads for 4 h, cell lysates were washed and used
for western blot analysis.

Western blot analysis

Total intracellular proteins were extracted from the cells
with lysis buffer (Cell Signaling Technologies, USA).
Protein concentration was determined using a bicinchoninic

acid (BCA) assay kit (Beyotime, China). Equal amounts
(20 μg) of protein from each sample were separated on 10%
sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE)
and electrotransferred onto polyvinylidene difluoride
(PVDF) membranes. Membranes were blocked with 5% fat-
free dry milk in 0.1 M Tris-buffered saline-0.1% Tween-20
buffer (TBST) for 2 h. Then, the membranes were sequen-
tially incubated with the primary antibodies and horseradish
peroxidase-conjugated secondary antibody for 1 h. Blots
were developed with an enhanced chemiluminescence
reagent (Amersham Biosciences, USA) and quantified by
densitometric scanning and analyses using an ImageQuant
LAS 4000 system (Fujifilm, Tokyo, Japan). β-actin protein
was used as an internal control.

Determination of ALP activity

MC3T3-E1 cells were transfected with KLF2 siRNA or
transduced with lentivirus encoding for KLF2, followed by
stimulation with OM for 14 days. Cells were then assayed
for ALP activity with a p-nitrophenyl phosphate (pNPP)
liquid substrate system (Sigma) following the manufacturer’s
instructions. OD value was recorded at 405 nm on a multi-
function microplate scanner (Infinite M200, TECAN).

Statistical analysis

Experimental data are expressed as means ± standard error
of mean (S.E.M). Statistical comparisons were carried out
by one-way or two-way analysis of variance (ANOVA)
followed by post hoc analysis via Scheffe test using SPSS
software (version 20.0 USA). P value less than 0.05 was
considered statistical significant.

Results

Firstly, we investigated the expression patterns of KLF2 in
osteoblasts. As shown in Fig. 1a, RT-PCR analysis results
indicate that KLF2 was expressed in primary calvarial
osteoblasts and pre-osteoblast MC3T3-E1 cells at the
mRNA level. HUVECs were used as a positive control. In
addition, the western blot results in Fig. 1b indicate that
KLF2 was expressed in the primary calvarial osteoblasts
and pre-osteoblast MC3T3-E1 cells. To investigate the
influence of KLF2 on osteoblast differentiation, we mea-
sured KLF2 expression in the osteoblastic differentiation
process of pre-osteoblast MC3T3-E1 cells. Interestingly, we
found that KLF2 expression was significantly increased in a
time-dependent manner from 3 to 9 days in response to OM
treatment at both the mRNA level (Fig. 2a) and protein level
(Fig. 2b). Additionally, our results also indicate that sti-
mulation with OM promoted the expression of osteoblast
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marker genes, such Alp, Osx, and Ocn in a time-dependent
manner at both the mRNA level (Fig. 2c) and the protein
level (Fig. 2d). The transcriptional factor Runx2 is a central
regulator of osteoblast differentiation, which controls the
transcription of Alp, Osx, and Ocn. Importantly, our results
displayed that stimulation with OM promoted the expres-
sion of Runx2 in a time-dependent manner at both the
mRNA (supplementary Fig. 1A) and protein levels (sup-
plementary Fig. 1B). To further confirm the effects of KLF2
on osteoblastic differentiation, primary calvarial osteoblasts
were used. As expected, stimulation with OM promoted the
expression of KLF2 (Fig. 3a) along with an increase in Alp,
Osx, and Ocn (Fig. 3c) at the mRNA level. Consistently, we
found that western blot analysis revealed an increase in
expression of KLF2 (Fig. 3b), Alp, Osx, and Ocn (Fig. 3d)

in primary calvarial osteoblasts at the protein level. These
results implicate that KLF2 might be associated with
osteoblast differentiation.

To ascertain the effects of KLF2 on osteoblast differ-
entiation, MC3T3-E1 cells were transfected with
KLF2 siRNA to knock down the expression of KLF2 and
then incubated with OM for 6 days. Successful knockdown
of KLF2 is shown in Fig. 4a. As expected, knockdown of
KLF2 significantly abolished OM stimulation-induced
expression of Alp, Osx, and Ocn at both the mRNA level
(Fig. 4b) and the protein level (Fig. 4c). Bone mineralization
has been extensively used to characterize osteoblast differ-
entiation [14]. Alizarin Red S staining assay was used to
determine the effects of KLF2 on mineralization in MC3T3-
E1 cells. The results in Fig. 4d indicate that knockdown of

Fig. 1 Krüppel-like factor-2 (KLF2) is expressed in pre-osteoblast
MC3T3-E1 cells and primary calvarial osteoblasts. Human umbilical
vein endothelial cells (HUVECs) were used as a positive control.

a Expression of KLF2 at the mRNA level was determined by reverse-
transcription PCR (RT-PCR) analysis; b Expression of KLF2 at the
protein level was determined by western blot analysis

Fig. 2 Krüppel-like factor-2 (KLF2) expression is increased during
osteoblast differentiation in pre-osteoblast MC3T3-E1 cells. Pre-
osteoblast MC3T3-E1 cells were cultured in osteogenic medium (OM)
for 0, 3, 6, and 9 days. a Expression of KLF2 at the mRNA level was
determined by real-time PCR analysis; b Expression of KLF2 at the
protein level was determined by western blot analysis; c Expression of

alkaline phosphatase (Alp), osterix (Osx), and osteocalcin (Ocn) at the
mRNA levels was determined by real-time PCR analysis; d Expression
of alkaline phosphatase (Alp), osterix (Osx), and osteocalcin (Ocn) at
the protein level was determined by western blot analysis (*, #, $, P <
0.01 vs. previous column group)
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KLF2 reduced OM-induced mineralization of MC3T3-E1
cells. MC3T3-E1 cells were transfected with KLF2 siRNA,
followed by stimulation with OM for 14 days. ALP activity
in MC3T3-E1 cells was then examined to evaluate osteoin-
ductive activity. The results indicate that silencing of KLF2
reduced the OM-induced increase in ALP activity (Fig. 4e).

KLF2 was then overexpressed in MC3T3-E1 cells by
transduction with lentivirus encoding for KLF2. Successful
overexpression of KLF2 is shown in Fig. 5a. Over-
expression of KLF2 significantly enhanced OM
stimulation-induced expression of Alp, Osx, and Ocn at
both the mRNA level (Fig. 5b) and the protein level
(Fig. 5c). Alizarin Red S staining results indicate that
overexpression of KLF2 promoted OM-induced miner-
alization of MC3T3-E1 cells (Fig. 5d). MC3T3-E1 cells
were transduced with lentivirus encoding for KLF2, fol-
lowed by stimulation with OM for 14 days. ALP activity in
MC3T3-E1 cells was then examined to evaluate osteoin-
ductive activity (Fig. 5e). The results indicated that over-
expression of KLF2 promoted an OM-induced increase in
ALP activity. These findings implicate that KLF2 can sti-
mulate osteoblast differentiation.

To further confirm the effects of KLF2 on osteoblastic
differentiation, we overexpressed KLF2 in bone marrow
mesenchymal stem cells. Western blot analysis revealed the
successful expression of KLF2 in bone marrow

mesenchymal stem cells (supplementary Fig. 2A). As
expected, overexpression of KLF2 in bone marrow
mesenchymal stem cells significantly increased the expres-
sion of Runx2 (supplementary Fig. 2B) as well as the
expressions of Alp, Osx, and Ocn (supplementary Fig. 2C).
Correspondingly, Alizarin Red S staining assay demon-
strated that overexpression of KLF2 promoted OM-induced
mineralization of bone marrow mesenchymal stem cells
(supplementary Fig. 2D). These findings implicate that
KLF2 can stimulate osteoblast differentiation.

We next investigated the impact of KLF2 on the expression
of Runx2. Indeed, we found that silencing of KLF2 reduced the
expression of Runx2 at both the mRNA level (Fig. 6a) and the
protein level (Fig. 6b). Additionally, overexpression of KLF2
remarkably promoted the expression of Runx2 at both the
mRNA level (Fig. 6c) and protein level (Fig. 6d).

Increasing evidence has shown that Runx2 cooperates
with other regulatory proteins to regulate osteoblast differ-
entiation. Therefore, immunoprecipitation experiments were
performed to assess whether KLF2 could interact with
Runx2. Flag-tagged KLF2 or Myc-tagged Runx2 were
transfected into HEK-293T cells with constructs. Proteins
were extracted and immunoprecipitated with Myc or KLF2
antibodies. The results in Fig. 7a indicate that exogenously
overexpressed KLF2 and Runx2 could physically interact
with each other in cells. Additionally, immunoprecipitation

Fig. 3 Krüppel-like factor-2 (KLF2) expression is increased during
osteoblast differentiation in primary calvarial osteoblasts. Primary
calvarial osteoblasts were cultured in osteogenic medium (OM) for 0,
3, 6, and 9 days. a Expression of KLF2 at the mRNA level was
determined by real-time PCR analysis; b Expression of KLF2 at the
protein level was determined by western blot analysis; c Expression of

alkaline phosphatase (Alp), osterix (Osx), and osteocalcin (Ocn) at the
mRNA level was determined by real-time PCR analysis; d Expression
of alkaline phosphatase (Alp), osterix (Osx), and osteocalcin (Ocn) at
the protein level was determined by western blot analysis (*, #, $, P <
0.01 vs. previous column group)
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assay indicated that endogenous KLF2 could interact with
Runx2 in pre-osteoblast MC3T3-E1 cells (Fig. 7b).

We then investigated the influence of KLF2 on Runx2
activity in MC3T3-E1 cells using Runx2 binding
osteoblast-specific genes with luciferase reporter. The
results indicate that overexpression of KLF2 alone had no
significant influence on the luciferase activity of Alp
(Fig. 8a), Osx (Fig. 8b), and Ocn (Fig. 8c). However, when
cells were co-transfected with KLF2 and Runx2, the results
indicate that overexpression of KLF2 promoted Runx2-
induced luciferase activity of Alp (Fig. 8a), Osx (Fig. 8b),
and Ocn (Fig. 8c) in MC3T3-E1 cells. These findings
implicate that KLF2 is capable of regulating osteoblast-
specific gene expression through interacting with Runx2.

Discussion

It is well-recognized that KLF2 is an anti-inflammatory and
anti-oxidant molecule [15]. Previous studies have identified
KLF2 as a “molecular switch” regulating critical aspects of
vascular function and disease [16]. Thus, KLF2 has been
considered as a novel therapeutic target for inflammatory-

related diseases. Conventional deficiency of KLF2 is lethal,
as mouse embryos do not survive past E12.5 to E14.5 due
to intraembryonic and intraamniotic hemorrhage [17].
However, we note that that study did not mention the
underlying mechanism involved in skeletal anomaly
induced by KLF2 deficiency. In the current study, we report
for the first time to our knowledge that KLF2 is expressed in
osteoblasts. Moreover, we found that KLF2 expression was
significantly increased during the osteoblastic differentia-
tion process in pre-osteoblast MC3T3-E1 cells and primary
osteoblasts. Notably, our results display that KLF2 could
promote the expression of the osteoblastic differentiation
marker genes Alp, Osx, and Ocn and stimulate miner-
alization by enhancing the expression of and interacting
with Runx2. In contrast, si-RNA transfection knockdown of
KLF2 produced the opposite effects.

Runx2 is a master transcription factor controlling
osteoblast differentiation, matrix production, and miner-
alization during bone formation [18]. Activation of Runx2
plays a critical role in regulating the expression of
osteoblast-specific genes such as Alp, Osx, and Ocn [19]. It
has been reported that overexpression of Runx2 in adipose
tissue-derived mesenchymal stem cells accelerated

Fig. 4 Knockdown of KLF2 prevents osteoblast differentiation.
MC3T3-E1 cells were transfected with KLF2-specific small RNA
interference or non-specific small RNA interference. NS, non-specific
small RNA interference; KLF2 siRNA, KLF2 specific small RNA
interference. a Western blot analysis revealed the successful knock-
down of KLF2; b Real-time PCR analysis revealed that silencing of
KLF2 significantly abolished OM stimulation-induced expression of

Alp, Osx, and Ocn at the mRNA level; c Western blot analysis
revealed that silencing of KLF2 significantly abolished OM
stimulation-induced expression of Alp, Osx, and Ocn at the protein
level; d Alizarin Red S staining assay revealed that silencing of KLF2
reduced osteogenic medium (OM)-induced mineralization of MC3T3-
E1 cells; e ALP activity (*P < 0.01 vs. NS group; # P < 0.01 vs. NS+
OM group)
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osteoblast differentiation by promoting osteoblastic gene
expression, increasing Alp activity, and stimulating miner-
alization [20]. Runx2 also plays a critical role in normal
bone development. Decreased expression of Runx2 has
been associated with abnormal bone development and the
pathogenesis of osteoporosis [21]. Although KLF proteins
represent an abundant protein superfamily in mammals,
relatively few KLFs related to osteogenesis have been
functionally characterized. Since KLF2 is involved in
osteoblast function and Runx2 is a master regulator of
osteogenesis, it is crucial to determine whether KLF2 acts
upstream or downstream of Runx2. Our transient over-
expression and knockdown data demonstrate that Runx2
was up-regulated by KLF2 overexpression and down-
regulated by KLF2 knockdown in MC3T3-E1 cells.
Meanwhile, we found that KLF2-overexpressing cells dis-
played enhanced osteogenic differentiation potential. In
contrast, silencing of KLF2 impaired the differentiation
capacity of MC3T3-E1 cells. Importantly, knockdown of
Runx2 abolished KLF2-induced promotion of osteogenic
differentiation, the expression of osteogenic differentiation
marker genes, such as Alp, Osx, and Ocn, as well as

osteogenic mineralization (data not shown). These results
suggest that KLF2 is a factor operating upstream of Runx2,
and Runx2 up-regulation by KLF2 is sufficient to prime for
osteogenesis. Runx2 activity is precisely regulated by
transcriptional factors through protein–DNA or protein–
protein interactions [22]. For example, the nuclear protein
Stat1 can inhibit nuclear localization of Runx2 by directly
interacting with Runx2 [23]. Another transcriptional factor
Nrf2 can inhibit Runx2-dependent stimulation of Ocn pro-
moter activity by interacting with Runx2 [24]. Myeloid Elf-
1 like factor (MEF) forms a complex with Runx2 to inter-
fere with binding of Runx2 to the OC promoter at the
OSE2 site. Interestingly, KLF2 could also interact with
cofactors to regulate cellular activity. KLF2 has been
reported to interact with NF-κB to counteract some of the
pro-inflammatory actions of NF-κB [25]. In the present
study, we found that KLF2 could enhance the transcrip-
tional activity of Runx2 on Alp, Osx, and Ocn by physical
interaction with Runx2. Because both Runx2 and KLF2
have numerous co-factors, we speculated that perhaps both
of these transcription factors interact with other proteins
within the cell. It is well-known that Alp activity is

Fig. 5 Overexpression of KLF2 promotes osteoblast differentiation.
MC3T3-E1 cells were transduced with lentivirus encoding for KLF2.
EV, empty virus; lenti-KLF2, lentivirus encoding for KLF2. aWestern
blot analysis revealed the successful overexpression of KLF2; b Real-
time PCR analysis revealed that overexpression of KLF2 significantly
promoted osteogenic medium stimulation-induced expression of Alp,
Osx, and Ocn at the mRNA level; cWestern blot analysis revealed that

overexpression of KLF2 significantly promoted osteogenic medium
stimulation-induced expression of Alp, Osx, and Ocn at the protein
level; d Alizarin Red S staining assay revealed that overexpression of
KLF2 promoted osteogenic medium (OM)-induced mineralization of
MC3T3-E1 cells; e ALP activity (*P < 0.01 vs. EV group; #P < 0.01
vs. EV+OM group)
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up-regulated in the early stage of osteoblast differentiation.
Increased Alp activity has been shown to promote bone
matrix mineralization [26]. Consistently, we found that
overexpression of KLF2 promoted mineralization of
MC3T3-E1 cells while silencing of KLF2 prevented
mineralization of MC3T3-E1 cells.

KLF2 and other two KLF family members, KLF4 and
KLF5, have been reported to play a key role in regulating
the self renewal of embryonic stem cells (hESCs) and the
maintenance of ESC pluripotency [27]. Hall and colleagues
found that KLF2 was included in a list of ESC-enriched
genes, and conferred resistance to BMP-induced

Fig. 6 KLF2 increased the expression of Runx2 with or without
osteogenic medium (OM) treatment. a Real-time PCR analysis
revealed that knockdown of KLF2 significantly reduced the expression
of Runx2 at the mRNA level; b Western blot analysis revealed that
knockdown of KLF2 significantly reduced the expression of Runx2 at

the protein level; c Real-time PCR analysis revealed that over-
expression of KLF2 significantly promoted the expression of Runx2 at
the mRNA level; d Western blot analysis revealed that overexpression
of KLF2 significantly promoted the expression of Runx2 at the protein
level (*, #, $, P < 0.01)

Fig. 7 KLF2 physically
interacted with Runx2. a HEK-
293T cells were transfected with
Flag-KLF2 and Myc-Runx2.
Cell lysates were
immunoprecipitated with Myc
or Flag antibodies followed by
western blot analysis with Flag,
Runx2, KLF2, or Runx2
antibody; b Cell lysates from
MC3T3-E1 cells were
immunoprecipitated with KLF2
antibody followed by western
blot analysis with Runx2
antibody
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differentiation [28]. Importantly, KLF2 overexpression in
human bone marrow stromal cells (hBMSCs) significantly
affected their biological activity, resulting in increased
proliferation and pluripotency in an ex vivo culture system,
implicating that KLF2 may exert positive effects on the
stemness and self-renewal potential of hBMSCs [29]. Here,
we demonstrated that KLF2 promoted osteoblast differ-
entiation by increasing Runx2 expression and physically
interacting with Runx2. Due to the essential roles of
osteogenic differentiation in maintaining bone integrity, we
speculated that KLF2 might be a novel therapeutic target for
bone disease.
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